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A B S T R A C T
The effects of an acetone-butanol-ethanol (ABE) mixture on dilute H2SO4 and NaOH pretreatment for enzymatic
saccharification of hybrid Pennisetum (HP) were investigated. The results showed that ABE assisted the removal
of xylan and lignin during H2SO4 and NaOH pretreatment, respectively. The glucose yield of HP increased from
33.6% to 52.9% with the assistance of a relatively higher concentration of ABE mixture (ABE4) during H2SO4
pretreatment, and during NaOH pretreatment, a lower concentration of ABE (ABE2) increased the glucose yield
from 64.6% to 80.2%. The hydrolysis yield increases were related to the compositional change and surface
characteristics of the pretreated materials. As observed by X-ray photoelectron spectroscopy, ABE4 resulted in a
greater lignin content on the surface of materials than that produced by ABE2 during NaOH pretreatment, which
possibly increased the non-productive adsorption of cellulase, thus decreasing the hydrolysis yield. The results
suggested that an ABE mixture could be used as an auxiliary agent for further increasing of the digestibility of
acid- and alkali-pretreated lignocellulosic materials. However, the digestibility was different depending on the
concentrations of ABE during acid and alkali pretreatments.
1. Introduction
The conversion of lignocellulosic materials to sugars by enzymes is
an important step in industrial production of biochemicals and bioe-
nergy. Hybrid Pennisetum (Pennisetum americanum × P. purpureum, HP),
a C4 perennial tall grass, has been considered as an attractive lig-
nocellulosic material for the purpose of sugar production. HP is widely
distributed in the Middle-Lower Yangtze Plain in China. It has excellent
resistance to drought, moisture, salt, and acid, and it can grow on
marginal land because it has a strong root system that also contributes
to soil and water conservation. In a previous study, its dry biomass yield
was 60–130 tons/hm2, which is significantly higher than that of P.
americanum (Liu, 2009).
Sugar production from HP requires pretreatment followed by en-
zymatic hydrolysis of cellulose and hemicellulose in the pretreated HP.
The pretreatment disrupts cell wall physical barriers, removes lignin,
and reduces cellulose crystallinity; this in turn allows hydrolytic en-
zymes to access the biomass macrostructure (Mosier et al., 2005). To
date, various physical, chemical, and biological methods have been
applied, either alone or in combination, for lignocellulose pretreatment
(Mosier et al., 2005; Alvira et al., 2010). Among these methods, orga-
nosolv pretreatment is an alternative strategy because 1) it allows se-
paration of high-purity cellulose with only minor degradation; 2) the
isolated high-quality lignin can be used for a broad range of industrial
applications; 3) hemicellulose can be efficiently fractionized by organic
solvents; and 4) the solvents are easily recovered and re-used (Zhang
et al., 2016).
Organosolv pretreatment involves the use of high concentrations
(30–70%) of organic solvents, such as methanol, ethanol, butanol,
acetone, tetrahydrofuran, glycerol, ethylene glycol, and propylene
glycol (Zhang et al., 2016). Thus, organosolv pretreatment is expensive,
and recovery of the organic solvents or decreasing their concentration
for effective pretreatment would reduce the operating costs. Organosolv
pretreatments are usually performed with the addition of acids or alkali
as catalysts, which could increase the rate of lignin removal and de-
crease the pretreatment temperature; for example, acid catalysts cleave
acid-labile bonds (α-aryl ether and arylglycerol-β-aryl ether bonds) to
help stabilize lignin fragments (Ghozatloo et al., 2006).
To the best of our knowledge, previous studies related to the or-
ganosolv pretreatment showed that the effects of combined acid or
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alkali and organosolv pretreatment were dominated by acids or alkalis.
There are limited studies on acid or alkali pretreatment in which low
concentrations of solvent are used as an auxiliary agent. It was sup-
posed that the presence of low concentrations of organic solvent re-
duces the viscosity of the pretreatment liquid, improves penetration
into the biomass, and facilitates a more efficient removal of lignin,
thereby enhancing the biomass hydrolysis. Furthermore, the use of
organic solvents generates high pressure at elevated temperatures,
which would enhance the effect on the recalcitrance of lignocellulosic
materials (Rezayati-Charani et al., 2006).
This study aims to compare the effects of solvents-assisted dilute
acid and alkali pretreatment on chemical components and enzymatic
saccharification efficiency of HP. Acetone-butanol-ethanol (ABE) sol-
vent mixtures were selected as the auxiliary agent because these sol-
vents could be obtained as ABE fermentation products. As reported
earlier, the ABE solvents recovered from fermentation broth could be
directly used as substrates for bio-plasticizer production (Chen et al.,
2018). Previously, a mixture of ethanol and isopropanol with sodium
hydroxide catalyst was reported as a promising pretreatment solvent for
corn stover, followed by a mixture of ethanol, butanol, and water
(Guragain et al., 2016). Each alcohol in the mixture selectively breaks
different linkages in lignin polymers, and hence the mixture of alcohols
is more efficient than any single alcohol (Küçük, 2005). Moreover, the
effects of different concentrations of ABE on the surface characteristics
and structural changes of HP were investigated, because the different
concentrations of ABE could be obtained by different fermentation
strategies, such as batch fermentation, continuous fermentation, and
fermentation integrated with an in situ solvent recovery process. The
study will provide an effective pretreatment method for improving the
hydrolysis of lignocellulosic materials for sugar conversion in produc-
tion of biochemicals or biofuels.
2. Materials and methods
2.1. Materials
Hybrid Pennisetum was provided by the Beijing Research and
Development Center for Grass and Environment, Beijing Academy of
Agriculture and Forestry Sciences, Beijing, China. The raw materials
were air-dried at 45 °C for 7 d and milled to 80 mesh screen scale. The
commercial enzymes Celluclast 1.5 L and Novozyme 188 (Novozymes
A/S, Bagsværd, Denmark) were used as the cellulase preparations
(CEL), and endo-1,4-β-xylanase from Trichoderma longibrachiatum
(Product of Mexico) was used as the xylanase preparation (XYL).
2.2. Pretreatment
The milled HP was pretreated with 1% (w/w) H2SO4 and NaOH,
and with addition of an ABE solvent mixture. Four concentration gra-
dients of ABE mixture were applied, namely ABE1, ABE2, ABE3 and
ABE4 (Table 1). The ABE1 and ABE2 mixtures contained 16 g/L and
35 g/L ABE, as these concentrations could be obtained from batch fer-
mentation by normal and industrial Clostridium strains, respectively
(Qureshi et al., 2010; Yang et al., 2017a; Zhang et al., 2019a). ABE3 and
ABE4 mixtures had 56.5 g/L and 145.5 g/L, because these
concentrations could be obtained from fed-batch fermentation and
fermentation integrated with an in situ solvent recovery process, re-
spectively (Xue et al., 2012; Qureshi et al., 2014; Zhang et al., 2019b).
The pretreatments were conducted with a solid to liquid ratio of
1:10 at 121 °C for 1 h in an autoclave. After pretreatment, the super-
natant and solids were separated by centrifugation at 10,000 g for
10min. The solid was washed with deionized water until the pH be-
came neutral. Then, the solid was dried at 105 °C to a constant weight
for chemical composition analysis and enzymatic hydrolysis.
2.3. Chemical composition analysis
The chemical compositions of raw and pretreated HP were de-
termined according to a National Renewable Energy Laboratory
Analytical Procedure (Sluiter et al., 2012). Each material (300mg) was
treated with 3mL 72% H2SO4 for 1 h at 30 °C in a 100-mL triangular
flask. Then the concentration of H2SO4 was diluted to 4% with deio-
nized water, and the mixture was autoclaved for 1 h at 121 °C. The
slurry was neutralized with solid CaCO3 to pH 4–5 and was centrifuged
for 10min at 10,000g. The supernatant was collected for sugar analysis.
2.4. Characterization of solid residue
The X-ray photoelectron spectroscopy (XPS) was performed for the
analysis of atomic composition and chemical environment of the outer
layer (2–10 nm) of the sample surfaces (Montplaisir et al., 2008; Kumar
et al., 2009). The binding energy scale was calibrated by setting the C1s
of the neutral carbon (C]C and CHe bonds) peak to 284.8 eV. Ele-
mental atomic percentages were calculated from the integrated in-
tensities of the XPS peaks, after consideration of the atomic sensitivity
factors of the instrument data system (Yu et al., 2015).
The cellulose crystallinity index (CrI) of non-pretreated and pre-
treated samples was analyzed by X-ray diffraction (XRD) using a Rigaku
D/ max-3 C generator (Rigaku Corp., Japan). The dried samples were
scanned over a 2θ range from 5° to 50° using steps of 0.02° and Cu/Ka
radiation (1.54 Å) generated at 40 kV and 100mA. The cellulose CrI
was determined from XRD data according to the XRD spectral peak







where I002 is the scattered intensity at the main peak (approximately
22.5°) and Iam is the scattered intensity attributable to the amorphous
portion, which was evaluated as the minimum intensity (the broad peak
at 18.0°) between the main and secondary peaks.
The samples for Fourier transform infrared spectroscopy (FT-IR)
spectra analysis were pressed into KBr discs and analyzed using an FTIR
spectrophotometer (Tensor 27, Bruker, Germany). The background
spectrum of the diamond window without a sample was subtracted
from each sample spectrum. Thirty-two scans were collected for each
measurement over the wavelength range of 400–4000 cm−1.
Scanning electron microscopy (SEM) was used to visualize the
qualitative differences between non-pretreated and pretreated HP.
Before imaging, the dried samples were coated with gold to make them
conductive. Imaging was then performed using an SEM instrument
(JSM 6360LV, Jeol, Japan) with an acceleration voltage of 10 kV. All
observations were collected at 3000× magnification.
2.5. Enzymatic hydrolysis
Hydrolysis of the pretreated HP was performed in tubes with a 3-mL
working volume in 50-mM sodium citrate buffer (pH 5.0). Hydrolysis
was conducted in a shaking incubator at 200 rpm and 50 °C. The dry
matter (DM) content was 2% (w/v). The dosages of Celluclast 1.5 L and
Novozyme 188 were 5 FPU/g DM and 500 nkat/g DM, respectively. The
dosage of XYL was 2mg/g DM. NaN3 (0.02%, w/v) was also added to
Table 1
The concentrations of acetone, butanol and ethanol in ABE mixtures.
Mixtures Solvents (g/L)
Acetone Butanol Ethanol Total
ABE1 5.0 10.0 1.0 16.0
ABE2 7.0 18.0 2.0 27.0
ABE3 15.0 35.0 1.5 56.5
ABE4 45.0 100.0 1.5 146.5
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the hydrolysis broth to prevent bacterial infection. After hydrolysis for
48 h, samples were withdrawn and boiled for 10min to stop the en-
zymatic hydrolysis. After cooling to room temperature, the samples
were centrifuged at 10,000g for 10min, and glucose and xylose con-
tents in the supernatants were analyzed. Duplicate analyses were per-
formed for all hydrolysis experiments.
2.6. Analytical methods
Glucose and xylose were quantified using a high-performance liquid
chromatography system (Hitachi L-2000, Hitachi Ltd., Japan). This
system was equipped with a refractive index detector (Hitachi Ltd.,
Japan) and an autosampler (Hitachi Ltd., Japan). An ion-moderated
partition chromatography column (Aminex column HPX-87 H) with a
Cation H micro-guard cartridge was used. The column was maintained
at 45 °C with 5-mM H2SO4 as the eluent at a flow rate of 0.5 mL/min.
Before injection, the samples were filtered through 0.22-μm MicroPES
filters, and a volume of 20 μL was injected. Peaks were detected by
refractive index and were identified and quantified by comparison to
the retention times of authenticated standards (D-glucose and D-xy-
lose).
Glucose and xylose yields are calculated based on the chemical
composition of HP after pretreatment by the following equations:
=
×
×Glucose yield (%) Glucose released 0.9







Theoretical amount of xylose in substrates
100.
(3)
3. Results and discussion
3.1. Changes in chemical composition
The cellulose content of HP increased considerably after both H2SO4
and NaOH pretreatment, which was due to the removal of cellulose,
xylan, lignin, and possibly extractives (Table 2). When H2SO4 pre-
treatment was assisted with a relatively higher concentration of the
ABE mixture (ABE4), the xylan and lignin removal rates increased from
9.6% and 3.7% to 10.5% and 4.2%, respectively. The cellulose content
increased from 51.7 to 53.7%. However, with a relatively lower con-
centration of the ABE mixture (ABE1, ABE2 and ABE3), reduced xylan
and lignin removal was observed compared with ABE4, which was
probably due to that the assistant effect of pretreatment is highly re-
lated to the concentration of organic solvents, and only higher con-
centration could result in increased xylan and lignin removal compared
to H2SO4 pretreatment. The ABE (1 and 2)-assisted NaOH pretreatment
further increased the cellulose content from 55.1% to 58.9% and 61%,
with the higher lignin removal rate of 15.3% and 16.7% compared to
NaOH pretreatment alone. However, after ABE (3 and 4)-assisted NaOH
pretreatment, the cellulose content and the lignin removal rate de-
creased slightly.
The characteristics of removing hemicellulose and lignin by dilute
acid and alkali have been reviewed extensively (Mosier et al., 2005;
Alvira et al., 2010). The mechanism is believed to involve the cleavage
of intermolecular ester bonds that crosslink hemicellulose and lignin.
Acetyl groups and various uronic acid substitutes are also removed by
acids and alkali, thereby increasing the accessibility of hemicellulose
and cellulose to enzymes. Previously, the acids and alkali have been
used as catalysts to increase the hemicellulose or lignin removal during
organosolv pretreatments (Ghozatloo et al., 2006; Jafari et al., 2016;
Teramura et al., 2016; Guragain et al., 2016; Tang et al., 2017; Yuan
et al., 2018). The organosolv pretreatment breaks β-O-4 inter-unit lin-
kages in lignin and breaks lignin-carbohydrate bonds, after which lignin
solubilization occurs in organic solvents (Ragauskas et al., 2014). It was
reported that the process could be further improved by the addition of
NaOH (Alvira et al., 2010).
The results of this study showed that the effect of organosolv
combined with acid or alkali pretreatment on HP compositional change
was dominated by acid and alkali. The ABE assisted in the removal of
xylan and lignin during the acid and alkali pretreatment, respectively,
which indicated that the organic solvents functioned as an auxiliary
agent at low concentrations. As reported earlier, a low concentration
(12.5%) of a highly hydrophobic solvent, such as 1-butanol or 1-pen-
tanol with 1% (w/v) H2SO4 as catalyst, could be used to separate the
black liquor from the solid and liquid fractions of sorghum bagasse
(Teramura et al., 2016). The combined pretreatment was supposed to
further facilitate the enzymatic hydrolysis of pretreated materials
compared to acid or alkali pretreatment alone.
3.2. Enzymatic hydrolysis
After H2SO4 pretreatment followed by CEL hydrolysis, the glucose
yield of HP was 33.6% (Fig. 1A). The ABE-assisted H2SO4 pretreatment
increased the glucose yield, and the ABE4 showed the most increase to
48.7%. The xylose yield increased from 16.7% to 26.2% after ABE4-
assisted H2SO4 pretreatment (Fig. 1B). With the synergistic cooperation
of XYL, the glucose yield of HP after ABE4-assisted pretreatment further
increased to 52.9%, and the xylose yield apparently increased to 48.3%.
After NaOH pretreatment followed by CEL hydrolysis, the glucose
yield of HP was 64.6% (Fig. 2A). The ABE-assisted NaOH pretreatment
did not increase the glucose yield after CEL hydrolysis; however, with
the addition of XYL, apparent increases in glucose and xylose yields
were observed. The maximum glucose yield of 80.2% was obtained
after ABE2-assisted pretreatment, and the corresponding xylose yield
increased to 65.2% (Fig. 2B).
The results showed that the digestibility of pretreated HP was
Table 2
Chemical composition of HP samples after ABE-assisted H2SO4 and NaOH pretreatments.
Samples Composition (%) Solids recovery (%) Removal rates (%)
Glucan Xylan Acid-insoluble lignin Acid-soluble lignin Glucan Xylan Lignin
Raw 36.1 ± 1.8 18.2 ± 0.7 18.9 ± 0.2 2.0 ± 0.4 100.0 0.0 0.0 0.0
H2SO4 51.7 ± 0.2 14.6 ± 0.2 27.2 ± 1.4 2.0 ± 0.0 58.8 5.7 9.6 3.7
H+ABE1 48.2 ± 0.2 14.6 ± 0 28.1 ± 0.2 2.2 ± 0.1 60.7 6.8 9.3 2.5
H+ABE2 50.3 ± 0.3 15.3 ± 0.2 29.0 ± 0.1 1.9 ± 0.0 59.3 6.3 9.1 2.6
H+ABE3 50.6 ± 0.3 14.8 ± 0.2 28.5 ± 0.3 2.2 ± 0.0 59.2 6.0 9.4 2.7
H+ABE4 53.7 ± 0.0 13.6 ± 0.1 27.7 ± 0.2 1.8 ± 0.0 56.6 5.7 10.5 4.2
NaOH 55.1 ± 1.1 21.6 ± 0.0 9.7 ± 0.4 3.4 ± 0.0 56.0 5.2 6.1 13.6
Na+ABE1 58.9 ± 0.1 23.3 ± 0.6 7.2 ± 0.0 3.2 ± 0.0 53.1 4.8 5.8 15.3
Na+ABE2 61.1 ± 0.4 23.7 ± 0.3 5.0 ± 0.1 3.1 ± 0.0 51.7 4.5 5.9 16.7
Na+ABE3 60.0 ± 0.5 22.6 ± 0.2 6.4 ± 0.1 3.4 ± 0.0 51.5 5.1 6.5 15.8
Na+ABE4 58.3 ± 0.2 22.9 ± 0.7 8.1 ± 0.0 3.2 ± 0.0 53.7 4.7 5.9 14.8
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enhanced by ABE-assisted pretreatment, which was in agreement with
the studies of organosolv pretreatments, such as by ethanol with H2SO4
and NaOH as catalysts (Wildschut et al., 2013; Jafari et al., 2016). The
mixture of ethanol and isopropanol with NaOH catalyst has also been
reported as a promising pretreatment solvent for enhancing the di-
gestibility of corn stover, followed by a mixture of ethanol, butanol, and
water (Guragain et al., 2016). The enhancement was probably because
the catalysts (acids or alkali) were dissolved in organic solvents to form
a homogeneous solution, which increased the efficient interaction be-
tween the catalyst and the substrate (Yuan et al., 2018).
The difference observed between the ABE-assisted acid and alkali
pretreatment was that during acid pretreatment, the highest hydrolysis
yield was obtained with ABE4, but during the NaOH pretreatment,
ABE2 gave the highest yield. This may be related to the fact that the
higher removal rates of xylan or lignin were obtained by ABE4 and
ABE2 during the acid and alkali pretreatment, respectively (Table 2). It
is generally acknowledged that the removal of xylan and lignin could
reduce the covering on cellulose, which could improve the performance
of cellulases (Zhang et al., 2011). This process was further improved by
xylan removal with the addition of XYL. Additionally, the different
responses of enzymatic hydrolysis to different concentrations of ABE
mixtures during acid and alkali pretreatment may also be attributed to
other factors related to substantial structural alterations, such as
changes in cellulose crystallinity, the surface characteristics of the
pretreated materials. Thus, the HP samples after ABE2 and ABE4-
assisted pretreatments were representatively selected for following in-
vestigation.
3.3. XRD analysis
The CrI of unpretreated HP was 48.7% (Table 3). After H2SO4 and
NaOH pretreatment, the CrI of HP increased to 52.0% and 56.6%, re-
spectively. This was due to removal of amorphous substances, such as
Fig. 1. Hydrolysis of HP by cellulase preparations (CEL) and by addition of
xylanase preparation (XYL) after H2SO4 and ABE-assisted H2SO4 pretreatments.
(A) Glucose yield (%) of pretreated HP; (B) xylose yield (%) of pretreated HP.
Fig. 2. Hydrolysis of HP by cellulase preparations (CEL) and by addition of
xylanase preparation (XYL) after NaOH and ABE-assisted NaOH pretreatments.
(A) Glucose yield (%) of pretreated HP; (B) xylose yield (%) of pretreated HP.
Table 3
The percentage of carbon atoms in HP samples and the CrI of the HP after ABE-
assisted H2SO4 and NaOH pretreatments.
Samples C1 (%) C2 (%) C3 (%) CrI (%)
Raw 63.8 28.6 7.5 48.7
H2SO4 55.7 33.8 10.5 52.0
H+ABE2 55.8 34.8 9.4 55.0
H+ABE4 54.4 36.2 9.3 55.7
NaOH 43.7 45.1 11.2 56.6
Na+ABE2 47.3 41.1 11.5 58.9
Na+ABE4 58.5 31.7 9.8 57.4
C1 corresponds to class of carbon that corresponds to carbon atoms bonded to
carbon or hydrogen (CeC).
C2 corresponds to class of carbon atoms bonded to single non-carbonyl oxygen
(CeO).
C3 corresponds to class of carbon atoms bonded to a carbonyl or two non-
carbonyls (C]O or OCOee).
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lignin, hemicellulose, and extractives, which was in accordance with
previous studies (Li et al., 2016; Yang et al., 2017b). The ABE-assisted
H2SO4 and NaOH pretreatments further increased the crystallinity of
HP, which was probably due to the further removal of xylan and lignin
by the ABE solvent mixtures; as can be seen, the cellulose removal rates
were almost unchanged (Table 2).
Decreased CrI has been reported to be conductive to enzymatic
hydrolysis because the amorphous regions are easily digested by en-
zymes and reacted with chemicals, but the crystalline regions are not
(Xin et al., 2016). The results of this study showed that as the CrI of the
pretreated materials increased, a higher efficiency of enzymatic hy-
drolysis was obtained. This was probably due to the fact that, although
the CrI of HP increased, the CrI of cellulose in HP did not change, be-
cause the cellulose removal rates remained constant after ABE-assisted
pretreatment. As reported previously, solvent pretreatment could result
in a high-purity cellulose with a high proportion of para-crystalline and
amorphous cellulose, as well as low polymerization (Li et al., 2012).
This pretreated cellulose is highly susceptible to enzymatic hydrolysis
because cellulose with a high amount of the reducing ends, thereby
making cellulose more amenable to enzymes (Zhang and Lynd, 2004).
3.4. XPS analysis
Surface chemical analysis of HP was carried out by XPS. The
oxygen-to-carbon (O/C) ratio on the surface of unpretreated HP was
0.36 (Fig. 3). After H2SO4 and ABE-assisted H2SO4 pretreatment, the
surface O/C ratio varied slightly. The NaOH pretreatment increased the
O/C ratio considerably to 0.50, and it decreased to 0.40 when ABE4-
assisted pretreatment was applied. As described earlier, a high O/C
reflected higher cellulose and/or hemicellulose, while a low O/C sug-
gested more lignin on the surface of pretreated materials (Ma et al.,
2015). The results suggested that the ABE mixtures did not change the
surface lignin content in HP during H2SO4 pretreatment, but interest-
ingly, the surface lignin increased by addition of ABE during NaOH
pretreatment.
The high-resolution C1s carbon spectrum could be divided into four
sections: CeC/CH (C1), CO (C2), CO (C3), and Cee]eOOH (C4). The
C1 peak was primarily composed of lignin, and the C2 and C3 peaks
were considered to relate to polysaccharides, including cellulose and
hemicellulose (Yu et al., 2015). In all HP samples, only C1, C2, and C3
carbon peaks could be found (Table 3), which was in good agreement
with the results obtained from corn stover (Kumar et al., 2009). The
amount of C1 on the surface of H2SO4-pretreated HP decreased from
63.8% to 55.7% compared to untreated HP, and it slightly decreased to
54.4% with ABE4 assistance (Table 3). Correspondingly, the ABE4 as-
sistance increased the relative amount of C2 on the surface of HP.
Because the glucan of HP increased and xylan decreased after ABE4-
assisted H2SO4 pretreatment (Table 2), the increased C2 content was
possibly due to that ABE4 promoted the removal of hemicellulose on
the surface of HP, which exposed more cellulose to cellulase to enhance
the enzymatic hydrolysis of HP.
The amount of C1 in NaOH-pretreated HP apparently decreased to
43.7%, and the C2 and C3 content increased to 45.1% and 11.2%, re-
spectively (Table 3). With the ABE assistance, more C1 and less C2 and
C3 were obtained, and particularly ABE4 assistance resulted in 58.5%
C1, 31.7% C2, and 9.8% C3 on the surface of HP, which suggested that
the ABE assistance increased the surface lignin content. Because the
total lignin removal rates increased (Table 2), the reason for increased
surface lignin content was probably due to lignin-lignin re-condensa-
tion. In other words, lignin removed from within the cell walls during
autohydrolysis was re-deposited on the surface of the biomass (Li and
Gellerstedt, 2008). The lignin condensation reduced the hydrolysis ef-
ficiency of residual carbohydrate polymers (Li and Gellerstedt, 2008).
This was probably why the ABE did not increase the hydrolysis yield of
HP by CEL alone, and the increase could be attributed to the increased
xylan removal by synergistic cooperation of CEL and XYL (Fig. 2).
Lignin condensation has been observed during the acid-catalyzed
ethanol delignification process, and it is induced due to the formation of
new carbon-carbon linkages between the side chain (especially β-po-
sition) of one lignin unit with an aromatic ring (especially the 5th or 6th
position) with another lignin unit (Balakshin et al., 2003). It was re-
ported that the addition of NaOH or 2-naphthol could reduce the lignin-
lignin condensation by reacting with side chains of depolymerized
lignin units and forming stable low molecular lignin units (Li and
Gellerstedt, 2008). In this study, the surface lignin content remained
constant after ABE-assisted H2SO4 pretreatment, which indicated that
there was probably very little lignin condensed on the HP surface when
a low concentration of solvents was used. Because the total lignin re-
moval was only 2.6–4.2% (Table 2), the amount of condensed lignin
could be negligible. However, during ABE-assisted NaOH pretreatment,
the total lignin removal increased to 14.8–16.7%; thus, the lignin
condensation would possibly be obvious. Although the presence of
NaOH could reduce the lignin condensation, the reduction probably
decreased as the ABE concentration increased. This has not been re-
ported previously, and the mechanism behind this phenomenon was
also unclear. Thus, it would be of interest to further study the structural
change of lignin after ABE-assisted acid and alkali pretreatments.
3.5. FT-IR analysis
The absorptions analyzed by FT-IR at 3400 cm−1, 2900 cm−1, and
1636 cm−1 were related to the stretching of intermolecular OeH bonds,
the distinguished features of cellulose and the stretching of C]O in
lignin, respectively (Xiao et al., 2012; Liu et al., 2017). After ABE-as-
sisted H2SO4 pretreatment, the order of intensities of these peaks was
H2SO4-pretreated HP > ABE2-assisted pretreated HP > ABE4-as-
sisted pretreated HP, indicating that the intermolecular OeH bonds,
cellulose structure, and C]O bonds in lignin were further broken after
ABE-assisted pretreatments (Fig. 4A). The broken structures resulted in
decreased HP recalcitrance and enhanced enzymatic digestibility.
However, after ABE-assisted NaOH pretreatment, the order of the in-
tensities of these peaks was reversed, in that ABE4-assisted pretreated
HP > ABE2-assisted pretreated HP > NaOH-pretreated HP (Fig. 4B).
The results suggested that the ABE assistance promoted the separation
of lignin from carbohydrates with less cellulose degradation during
NaOH pretreatment. As can be seen from Table 2, the cellulose removal
rate decreased. The intensities of C]O bonds in lignin increased after
ABE-assisted pretreatments, which was probably due to the lignin re-
polymerization. Because the total lignin content decreased after ABE-
assisted pretreatments (Table 2), but correspondingly, the surface lignin
content increased (Fig. 3, Table 3).
The shoulder at 1726 cm−1 in raw HP is attributed to the acetyl and
Fig. 3. The oxygen-to-carbon (O/C) ratio on the surface of HP after ABE-as-
sisted H2SO4 and NaOH pretreatments.
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uronic ester groups of the hemicelluloses or from the ester linkage of
carboxylic group of the ferulic and p-coumaric acids of lignin and/or
hemicelluloses (Sun et al., 2005). After H2SO4 or ABE-assisted H2SO4
pretreatment, the peak intensity decreased, whereas this signal was
almost absent in the spectra of NaOH and ABE-assisted NaOH pre-
treatment, indicating that the ester bond from the hemicelluloses and/
or lignin was cleaved.
The aromatic C]C stretching from the aromatic ring of lignin gives
two peaks at 1513 and 1433 cm−1 (Fig. 4B). The intensities of the two
peaks decreased after ABE-assisted H2SO4 pretreatment compared to
H2SO4 pretreatment alone, indicating that the ABE facilitated the
cleavage of C]C stretching from aromatic ring of lignin during acid
pretreatment. These two peaks disappeared after NaOH pretreatment,
but, interestingly, they were present again with ABE assistance. The
results suggested that during alkali pretreatment, the C]C bond was
possibly re-formed by lignin repolymerization when ABE was pre-
sented. The same tendency was observed with the bands at 1473 and
1380 cm−1, which reflected CeH symmetric and asymmetric de-
formations, respectively (Sun et al., 2005). A small sharp band at
903 cm−1, which is indicative of the C-1 group frequency or ring fre-
quency, was characteristic of β-glycosidic linkages between the sugar
units.
The mechanism of organosolv pretreatment has been reported to
begin with lignin degradation first via ether bond cleavage at the
carbon position of the side chains, and then the glycosidic bonds are
disrupted in major hemicellulose and minor cellulose to form
oligosaccharides or monosaccharides (Li et al., 2012). In this study, the
results suggested that ABE facilitated these chemical reactions; how-
ever, during these pretreatments, lignin-lignin condensation might be
occurring. As reported earlier, the lignins were probably isolated from
lignin carbohydrate complexes at the initial stage of organic solvent
pretreatment and then migrated and finally redistributed onto the
surface of the biomass (Koo et al., 2012; Santo et al., 2018). Compre-
hensive consideration of the results of lignin removal (Table 2), the
surface characteristics of pretreated HP (Fig. 3), and the chemical bonds
related to lignin (Fig. 4) suggested that the lignin condensation was
negligible after ABE assisted acid pretreatment, but it clearly showed
the changes in lignin distribution and structural characteristic after
ABE-assisted alkali pretreatment.
3.6. SEM analysis
The morphological changes of the samples before and after pre-
treatment were analyzed by SEM (Supplementary data). The fiber
structure of the untreated HP was relatively rigid, which might be re-
sistant to enzyme access and adsorption on cellulose. After H2SO4 and
NaOH pretreatments, the HP surface became coarse and porous, and the
ABE-assisted pretreatments increased the disorder of the morphology,
which was due to the removal of the non-cellulosic components. The
results were in agreement with the study of corn stover pretreated by
methanol with NaOH as catalyst (Yuan et al., 2018). Alkalis have been
recognized as one of the most effective agents for making biomass
swell, and the swelling generated a rough and disordered fiber struc-
ture, which increased the pore volume and the external surface area
accessible to enzymes, thus enhancing the digestibility of cellulose.
Although the ABE4-assisted NaOH pretreatment showed the most fiber
damage, the hydrolysis yield of pretreated HP was relatively lower than
that after ABE2-assisted pretreatment. This was probably because of
increased lignin redistribution. As described by Koo et al. (2012), lignin
redistributed on the fiber surface might inhibit enzymatic hydrolysis.
3.7. Comparison to other studies
Organosolv pretreatment has been extensively studied with the
conditions of temperature of 80–210 °C, cooking time of 30–60min,
alcohol solvent concentration of 12.5–100% (w/w), and acids or alkalis
as catalysts (Table 4). Ethanol was the most commonly used solvent,
and the catalysts were usually H2SO4 and NaOH in these pretreatments.
In this study, an ABE mixture with relatively low concentration was
used as an auxiliary agent to increase the biomass digestibility during
acid and alkali pretreatment, and comparable sugar yields were ob-
tained. Previously, solvent mixtures have been also employed for pre-
treatment, and results showed that an ethanol and isopropanol mixture
(with alkali catalyst) led to 18% more sugar released per gram of bio-
mass from corn stover than that released after alkali pretreatment, and
a mixture of ethanol, butanol, and water was the next most-effective
solvent (Guragain et al., 2016). Acetone and butanol, the main solvents
in the ABE mixture, have also been used for pretreatment separately,
and a positive effect on biomass digestibility was found (Table 4). A
mixture of them would be more effective, as each solvent could selec-
tively break different linkages in the lignin carbohydrate complex
(Küçük, 2005).
When an acid or alkali was used as the catalyst during organosolv
pretreatment, it was difficult to conclude which one was better, and the
effects depended on the pretreatment conditions. Koo et al. (2011) re-
ported that ethanol pretreatment of Liriodendron tulipifera with NaOH as
catalyst could be performed at temperatures lower than those needed
for pretreatment with H2SO4. This was in accordance with our study
that at relatively low temperature (121 °C), the ABE-assisted H2SO4
pretreatment gave lower hydrolysis yield than ABE assisted NaOH
pretreatment. Park et al. (2010) studied the H2SO4 and NaOH catalysts
in pitch pine ethanol pretreatment at various temperatures and times.
Fig. 4. FT-IR spectra of HP after H2SO4 and ABE-assisted H2SO4 pretreatments
(A), and after NaOH and ABE-assisted NaOH pretreatments (B).
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The results showed that H2SO4 demonstrated better efficiency than
NaOH, even at comparatively low temperatures, but it exhibited low
hydrolysis yield and high sugar degradation. Pretreatment with 1%
NaOH had no effect on digestibility of pitch pine, but digestibility im-
proved by more than 80% when the concentration increased to 2%
(Park et al., 2010).
In this study, the ABE-assisted NaOH pretreatment resulted in better
digestibility of HP than ABE-assisted H2SO4 pretreatment. That was
probably due to the stronger effect of NaOH on the pretreatment effi-
ciency than H2SO4 under the same conditions, because the effect of acid
and alkali were dominant during the pretreatments. For further im-
proving the digestibility of HP, better efficiency was found with rela-
tively higher concentration of ABE4 during acid pretreatment and with
lower concentration of ABE2 during alkali pretreatment. The effect of
ABE may also depend on the pretreatment conditions, and it would be
of interest to investigate its effect under different pretreatment tem-
perature, time, and concentration of acid or alkali in further study, as
well as the. Although the digestibility of HP responded differently with
the different concentrations of ABE during acid and alkali pretreat-
ments, the concentration of ABE was not as high as that in other studies
(Table 4). The ABE mixtures can be produced by Clostridia under dif-
ferent fermentation strategies (Xue et al., 2012; Qureshi et al., 2014;
Wen et al., 2018), and using a low concentration of ABE reduces the
solvent production cost, which increases the process feasibility. How-
ever, the effect of solvent concentrations on the recycle efficiency after
pretreatment is also worth evaluating for further application. In con-
clusion, this study provided an alternative method for biomass frac-
tionation in process of biofuel production from lignocellulosic mate-
rials.
4. Conclusion
ABE mixtures assisted the removal of xylan and lignin during acid
and alkali pretreatment, respectively, which contributed to the en-
hanced digestibility of pretreated HP. The promotion effect during acid
pretreatment was stronger at relatively higher concentration of ABE4.
However, ABE2, at a lower concentration, during alkali pretreatment
resulted in improved enzymatic digestibility of HP than ABE4, which
was probably because the higher ABE4 concentration enabled the re-
moval of more lignin, but the lignin was re-condensed and re-dis-
tributed on the surface of pretreated HP, as observed by analysis of
compositional change and surface chemical properties of HP. This study
used an ABE mixture as an auxiliary agent to assist with acid and alkali
pretreatments, which opened up a new route for biomass fractionation
in process of biochemicals or biofuels production from lignocellulosic
materials.
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